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SECTION 1.

INTRODUCTION

The 30-day study group of MX trench testing

requirements(l)

concluded that strong, direct-induced ground shock
resulting from a near-miss nuclear burst is an energy source for
trench collapse that is highly uncertain and has a significant
impact on the environment definition. Present uncertainties in the
modeling of direct-induced ground shock collapse are manifest as
order of magnitude uncertainties in the plug pressure environment.
The study group further concluded that the data requirement for
strong ground shock-induced collapse was not being addressed in the
then current MX experimental program, but that this requirement
could be met by static HE tests. This report will present the
definition of the nuclear environment resulting from a 1 megaton
surface burst and the experiment designed to simulate the effect of
that environment on an MX trench.




SECTION 2.

BACKGROUND

Systems, Science and Software (S3) under separate contract

had performed a detailed calculation of a 1 MT surface burst dubbed
Source 3/5. This calculation used STREAK, wnich is a multi-
material, Eulerian, radiation-hydrodynamic finite aifference
computer code. The calculation included a detailed description of
the source, the nuclear fireball, airblast coupling, and aetailea
zoning in the shock region—-both direct-inauced and airblast-
induced. This code was used quite successfully in the previous
experiments on the underground tests Ming Blade and Husky Pup, which
were designed to validate the predictive codes used in energy
coupling calculations. Source 3/5 was carried to a final time of
approximately 800 us at which point the airblast was at a radius of
approximately 85 meters and had a shock pressure of about 1.3 GPa
(13 kbars). Figure 1 illustrates airblast values for a 1 MT surface
burst. The curve marked "Max Surface Ajrblast” is the peak shock
value of the blast wave at that time. The curve labeled "Min
Surface Airblast" is the relatively constant (in space) value to
which the pressure drops behind the shock. Note that at times
earlier than 0.1 ms these two curves come together. The well-formed
blast wave does not appear until about tnis time following a 1 MT
surface burst. The only data available lie at pressures below 100
MPa (1 kbar).

The calculation was monitored at points corresponding to the
top of the MX trench (approximately 1.5 m below the original groung
surface) at various radii. Two of these curves are shown as dashed
lines in Figure 1. The close-in values (< 5 m) are not of interest
to this problem since the question of direct coupling of the nuclear
device to a trench was addressed in the underground test Hybla Gold.
The 25 m curve on the downside is mostly an extrapolation from the
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end of the calculation. This range reaches pressures of approxi-
mately 1 GPa (10 kbars), which is lower than values of interest.
The 12 .5-m range shows a peak pressure of approximately 9 GPa (90
kbars), which is above levels usually available through airblast
coupling using HE. Yet this value is in the interesting range for
trying to understand how pipe crush will couple energy down the
length of the trench.

Turning to Figure 2, in (a) are plotted the 100 GPa (1 mbar)
and 10 GPa (100 kbar) isobars. This stress level does not occur at
the same time at all locations so this plot is a synthesis of
several times. These curves are displaced downward at radii less
than 5-10 m because the calculation included a cylindrical room
roughly approximating another trerch configuration directly unager
the explosion point. 1In Figure 2(b), plotted as a solia line, is
the pressure at point A in Figure 2(a) as a function of time. The
calculatea ground shock arrives at the trench 400 ys after
detonation, with a peak pressure of 9 GPa. This wave aecays to
half-value in 200 pys. The highly impulsive loaa represented by this
pressure-time history initiates the collapse of the trench wall at a
spall velocity of approximately 0.2 cm/us. Due to the transient
nature of the loading, most of the wall displacement actually takes
place after the passage of the waveform. Since the direct-induced
ground shock also decays very rapidly with slant range (cf., Figure
2(a)), only about 12 m of the trench are subjectea to the very high
initial closure velocities. However, airblast-dominated closure
continues to pinch off the trench at much lower velocities out to
several hundred meters. Admittedly, there are uncertainties in this
calculation of the predicted stress field following a 1 MT surface
burst, but the calculation does suggest the environment to be
simulated to study the energy ultimately coupled to the pipe by the

ground shock-induced collapse.
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Figure 2(b) also illustrates the type of scaled pressure-time
history (aashed curve) obtainable from HE coupled directly into
soil. The simulation experiment consists of a rectangular slab of
HE positioned over a buried trench. Calculatiors indicate that this
source is capable of inducing a 9 GPa shock at the trench wall.
Moreover, the correct pressure-time history at this point can be
achieved by adjusting the thicknes. of the HE slab. (The decay of
pressure with depth will not be the same in the HE case as in the
nuclear, but the nuclear calculation has not been carried to the
point where the shock has totally traversed the trench location.
From earlier data, it appears that the nuclear value might reach
about 2.5 - 3.0 GPa at the trench bottom and the HE case about 1.5
GPa.) The simulation experiment was conducted with a 1/16th-scale
trench. Table 1 lists some parameters of the HE necessary to obtain
the correct P(t). The slab is approximately 1.2 m square by 6.93 cm
thick (Composition C-4 with a total mass of 166 kg). (This is about
the maximum surface charge which can be fired at the 53 Green Farm
test site.) The areal size of the slab is dictated by efforts to
avoid any edge effects affecting the ground shock until the wave "“.as
passed below the bottom of the trench.

TABLE 1
1/16 SCALE EXPERIMENT
HE slab thickness 6.93 cm

Depth of pipe burial 7.62 cm + 2 cm
+ wall thickness

HE mass (1.2 m x 1.2 m) 166 kg

10
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In order to prove the concept and get ideas for timing
settings on scopes in the main experiment, two pre-shot tests were
performed. These tests were mainly to check out the optics, framing
camera and argon candle performance. Commercial 15.24 cm (6 in)
concrete pipe and scaled HE charges were used. The first test
indicated that careful alignment of all the optics was absolutely
essential for obtaining pictures of high enough quality to analyze.
The second pre-shot test used the same scaling as the first, but the
inside of the pipe was coated with a black, non-reflective mate-
rial. Opal glass was placed over the argon candle to get uniform
illumination of the pipe cross-section and more than a day was spent
in aligning the mirrors and the pipe.

A STREAK prediction calculation for the full-scale experiment
was performed to determine if there were any potential problems with
the design. This was done in X-Y plane geometry, taking a
cross-section of the pipe, soil, and charge. Main variables of
interest were pressures in the air as the pipe squeezed off and
stagnation pressures at the bottom of the pipe. This calculation
did not include either radiation or strength, since neither was
significant for this problem. The code used tracer particles to
delineate material boundaries, and these boundaries will be shown in
following figures. Both the inside and outside boundaries of the
pipe will be presented in the tracer plots and will be compared with
the photographs taken during the second pre-shot test described
above. The calculated times will be scaled to the actual times for
this particular event. Composition B-3 JWL equation-of-state coef-
ficients were used in the calculation.

Figure 3 is the first of a series of plots comparing the event
and the code. On the left (Figure 3(a)) is a series of photos taken
down the pipe while the collapse was in progress. There are 7.63 us
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between frames and the collapse started at about Frame 9, which is
not shown. To the right (Figure 3(b)) is an artist's rendition
(dashed 1ine) of the pipe shape at the central frame of the three
presented. The heading indicates the 15.24 cm experiment, Frame 11,
at a time of 84 us from detonation of the main HE charge. The
quality of reproduction is not good enough to show the sharp
boundary between the air and the pipe wall, apparent in the original
photos. Figure 3(b) also shows the calculated configuration over-
laid on the photo rendition., The shape is remarkably similar and
the location is in reasonable agreement. (The calculation used an

equation-of-state for alluvium at normal density approximately 2.1
3

3

gm/cm” rather than sand at a density of approximately 1.6-1.7

gm/cm” as in this experiment.)

Figure 4(a) and 4(b) make the same comparison at 107 us,
Figures 5(a) and 5(b) at 130 us, Figures 6(a) and 6(b) at 153 us,
Figures 7(a) and 7(b) at 176 us, and Figures 8(a) and 8(b) at 199
us. In all of the photos there is no indication of a break-up of
the pipe-wall/air interface. The calculation is in qualitative
agreement with the observed behavior, although it is protruding more
on axis. This is thought to be due simply to coarse zoning problems
in the regions of the developing lobes. The lobe effect was not
expected when the calculation was performed and thus was not
adequately accounted for in the problem set-up. The air in these
lobes reaches a calculated maximum pressure of no more than about
100 MPa (1 kbar), which may not be effective in driving a strong
shock down the length of the tunnel.
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SECTION 3.

MAIN EXPERIMENT DESIGN

The scaled trench for the main experiment is a concrete pipe
26.5-cm ID with a 2-cm wall, 10 m long (see Figure 9). The pipe
depth of burial (7.62 cm - see Table 1) corresponds to a 4-foot
burial full-scale, rather than the 5 feet proposed for an MX trench,
but since the chief concern is energy coupling by the collapse to
the remainder of the pipe, this is not a serious aifference. Since
concrete pipe with walls this thin is not available commercially,
the pipe was cast by S3 in sections about 72 cm long in specially
built forms. These forms consist of two coaxial Burke tubes, one
26.67 cm OD and the other 30.48 cm ID. The main problem in casting
the pipes, which are 30.48 cm 0D with 1.91 cm wall, was the
elimination of voids in the cast concrete. This was accomplished by
the combination of addition of Plastiment, a retardant ana air
deentraining agent, to the concrete mix and very thorough vibration
of the concrete after filling the forms. Four vibrators were used,
one each on fhe bottom and top collars of the form, one in the
concrete mix itself and the fourth on the outside of the form,
moving it gradually from the bottom to the top of the form. In
addition to the vibrators, the forms were mountea on a shake table
auring filling. This procedure eliminated nearly all voids in the
concrete; the few remaining small voids were filled before
installing the pipes in the experiments. The forms were removed 24
hours after pouring and curing continued by submerging the pipes in
water for an additional 4 or 5 days.

The pipe was mounted in a trench which was then back-fillea
with Overton sand. Figures 10(a) and (b) illustrate the set-up
before the sand was filled. Figure 10(b) also illustrates the

16
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turning mirror frame indicated schematically in Figure 9. Overton

sand (60 mesh) was chosen as the soil material rather than alluvium

because of the necessity to pack the material around the pipe with a

relatively uniform density, which appeared all but impossible for §
alluvium. A special techniaue of "raining" the sand into the trench i
had to be developed to insure high, uniform density. Sand was fed
into a hopper and a continuous blast of air from a fan picked up
individual grains at the bottom of the hopper and rained them over
the area to be covered (see Figures 11(a) and (b)). This allowed
the grains to pack more tightly and uniformly to a measured bulk
density of 1.743 gm/cm3. Samples were measured during the process
to assure consistency.

The HE charge was positioned on the surface of the sand ]
directly above the center of the pipe as shown in Figures 9 and
12(a). The HE charge was detonated by planar impact over its entire
surface with two flying-plate type plane wave initiators (see Figure
12(b)). visible in Figure 12(b) is one of the line wave generators
which was detonated at the top apex of the triangle. The line wave .
generator initiates the upper edge of the sheet of explosive over i ’
the flyer plate, sending the flyer plate into planar impact with the

large HE pad. It should be appreciated that this generator is about
4 feet wide, which is significantly larger than most previous ;
efforts, which have been about one foot or less. The flyer plate L
angle, dimensions and explosive thickness and configurations were

developed and tested in a series of experiments with time-of-arrival

gauges. These tests suggested that the HE charge would be planar

initiated with = 3ys,

The large wooden structure in Figure 12(b) is a dirt-filled )
canopy over the explosive designed to reduce noise and airplast
effects in nearby residential areas. (The sheet of plywood covering
the foreground of the test bed was removed before the test.)

19




“w .b“ n‘ug; % mﬁw

+ T Nh e e

‘Yyduaa3 ojur pues jo buturey 17 sanbhtrg

‘pues uolISAQ Y3ITM pauted, eaavy (q) *xaddoy o03uT paj pueg (o)

20

3
]
Y
E:
E 4
£
¥
” £




ety e e

*dn3as aaT1soidxs jo smata gl 2anb1T4

*ad1d 3jo as3ud0 aaoqe
*BTYISTA SI.., IDUab saem AT3091TpP pues JOo 3vdPJINS UC
sueld pue aut1 Yyitm dnjzos pajzsrdwoy (q) pauoTlTtsod shieyo gy I0J dweij () ;

e e mmmmm e it denttaliie i —_




The main diagnostic to measure the rate and shape of the pipe
collapse was high-speed photography, using a framing camera running
at about 5 us per frame. The camera looked directly down the axis
of the pipe via the turning mirrors mentioned above. The pipe was
back-lighted from the opposite enad with an explosively driven argon
"candle," the length of which (3.05 m) was great enough that the
shock wave did not arrive at the end of the candle until after the
collapse of the pipe was complete. What was actually photographea
was a shadow-graph of the collapsing pipe directly under the HE
charge. In this way, both the rate of collapse and the
cross-sectional shape of the collapsing pipe were determined. An
opal glass window at the end of the argon candle was found to
produce much more uniform backlighting than a transparent window.
Figure 13(a) shows the candle before being lowered to line up with
the pipe ana being buried. Figure 13(b) is an overview of the test
bed with the candle being buried at the far end. The bunker is off
to the left in this view.

As indicated in Fiqure 9, various gauges were used to measure
pressure and time of arrival in the pipe, in the soil, and on the
ground surface above the pipe. The three bar gauges
(tungsten-aluminum with quartz crystals as transducers) shown were
to measure the air pressure directly under the collapsing portion of
the pipe. (A general discussion of bar gauges may be tound in
Reference 2.) In addition to these gauges, two more bar gauges were
located in the center plane perpendicular to the pipe axis, but at
an angle of 20 degrees to the vertical (see Figure 14). The purpose
of these gauges was to measure the air pressure in the lobes which
might form (as suggested by the calculation and the pre-shot test)
on either side of the axis during pipe collapse. The manganin flat
packs on the bottom of the pipe under the HE charge were to measure
the pressure produced by the impact of the collapsing upper portion
of the pipe wall on the bottom of the pipe. Five manganin gauges in
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14 (a) Below-pipe view of the five bar gauges. '

14 (b) Schematic cross-section of test bed.
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Figure 14. Gauge setup.
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steel flat packs were also distributed in the sand at various
t distances below the HE charge to measure the ground shock incident
on the pipe (see Figure 14).

Time-of-arrival (TOA) and pressure gauges were located along
the inside of the pipe but outside the region of the HE charge to
measure the time of arrival and magnitude of the pressure pulse
driven down the pipe by the collapse. The TOA gauges were standard
PIT-type piezoelectric crystals in pin probes mountea to the pipe
wall in Bi-wax plugs cast in place for acoustic isolation. The 3
crystal probes consisted of a simple sandwich of copper foils ]
cemented to each face of the crystal with the sanawich encased in '
copper foil as an electrical shield. In preliminary tests these
probes yielded signals with no measured delay in their onset and
about a microsecond rise time at overpressures as low as 25 psi.
Additional gauges on the ground surface above the pipe were to

measure the airblast incident on the ground outside the HE charge.
These pressure gauges (and those down the insige of the pipe) were
low-pressure quartz-element gauges similar to the standard Gulf

3 to be
effective at the lower pressures expected (10 - 1,000 psi) in this 3

Radiation Technolo,y type, but designed and built by S

experimental use. They consisted of a 0.953 cm diameter crystal |
element in a 1.27 cm thick case. Low noise cable was lea out b
through protective stainless steel tubing to isolation amplifiers
which hag a gain factor of 5. In preliminary testing, these gauges
worked acceptably.

As shown in Figure 9, bundles of light pipes were mounted at
various positions along the top inside of the pipe. These light

. pipes lead to flash tubes which were located beyond the end of the
" concrete pipe. The ends of the light pipes in the concrete pipe

were pointed towards the turning mirrors and were to be photographed




by a remotely controlled Fastax camera. The purpose of this

arrangement was to measure the rate of collapse of the pipe outside

This completes the summary of the instrumentation of the test
bed. Table 2 lists the experiments, the method employed and the

:
1
the rapid closure region under the HE charge. ?3
L
{
1
3
i
number of gauges. ?
3
§
)




TABLE 2

SUMMARY OF EXPERIMENTS IN TEST BED

Experiment

Pipe collapse in rapid closure
region

Pipe collapse outside rapid
closure region

Air pressure versus time at the
bottom of the trench in rapid
closure region

Air pressure versus time in
lobe region of collapse

Impact pressure versus time at
the bottom of the trench

Free-field pressure versus
time in the soil under the
HE

Air pressure versus time in
pipe outside rapid closure
region

Air pressure versus time on
surface outside rapid
closure region

Time-of-arrival of pressure
wave in pipe outside rapid
closure region.

_Equipment

Framing camera

Rastax camera
Light pipes

Bar gauges

Bar gauges

Manganin gauges

Manganin gauges

Quartz gauges

Quartz gauges

PZT pin probes

]
Number of 1
Experiments |

1 i

4 down-pipe
2 up-pipe




SECTION 4.

RESULTS

The experiment was detonated 9 December 1978 at the 53 Green
Farm test site. The most complete results were from the framing
camera, the bar gauges, and the time-of-arrival gauges. These
measurements were sufficient to define the coupling efficiency
down-pipe from the HE charge. The Fastax camera had its film break
early at about 75 feet and there was no record of the pipe collapse
outside the rapid closure region. Few of the quartz gauges had any
useful information. The manganin gauges gave data that cause
confusion in interpretation. The data from the various experiments
are discussed below. Figures 15(a) and 15(b) are post-shot views of
the test bed.

4.1 PIPE COLLAPSE IN RAPID CLOSURE REGION

Based on the pre-shot prediction calculation and limited by
the number of frames (80) available on the framing camera, it was
determined to run the camera at about 5 us/frame. Since the
predicted pipe collapse duration was ~ 220 us, this would give 44
frames to define the behavior of the top surface. The actual speed
of the camera was 4.93 us/frame as shot., The camera had to start
early enough to record the turn-on of the argon candle which allows
absolute timing to be set. All times to be reported will be
referenced to time zero being the start of detoration of the line
wave generator (console zero). Figures 16, 17 ana 1& are the photo
record of the collapse (frames 4-9 are deletea since there was no
motion during that interval). Frame 1 on Figure 16 is the turn-on
of the argon candle (previous frames were all dark) and this was at
a time of 205 us as noted. The small identations at the equator and
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Figure 16. Framing camera photos of pipe blow-in (4.93 .s
between frames). Frame (l) shows candle turn-on
and frame (10) shows first detectable motion.
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Figure 17. Framing camera photos of pipe blow-in showing
low-density material obscuring candle.
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Figure 18. Framing camera photos of pipe blow=-in and
complete obscuration of candle at 314 us.
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poles are due to cable bundles from in-pipe experiments coming out
the end of the pipe. There is a slight oblateness to the image
which was caused by inexact alignment and imperfect mirrors.

The first detectable movement occurred at frame 10 at a time
of 249 us. From subsequent motion it would appear that first motion
occurred at 248 us, 24 us following predicted completion of the HE
burn at the surface. (This is to be compared with the predicted
interval of 24.7 us from the calculation, which used an
equation-of-state for a different soil material than that actually
employed.) The first wisps of material reach the bottom of the pipe
in frame 21 (Figure 18) and completely block out the light by frame
23 at a time of 314 us. This corresponds to a closure velocity of
~4 x 105 cm/sec for the material sufficient to block light. The
calculated closure (and that observed in the pre-shot test) was
~ 1.2 x 105 cm/sec, over a factor of 3 lower than that observed.
Unlike the pre-shot test presented above, there is definite evidence
that in this experiment the pipe wall is breaking up under the
impulse. Figure 19 is an enlargement of frame 20 showing tenarils
of material reaching out. Insufficient light is transmitted to
allow a determination to be made of the velocity of the higher
gensity material. This first-impact material is interpreted as
being very low density blow-off spalled off the inner surface of the
pipe (but adequate to block the light path). The pressure versus
time records from the bottom of the pipe (to be presented later)
show four (and perhaps 5) distinct impacts (with associated
pressures) and this allows us to infer the density of this initial
material. The initial pressure pulse in 0.4 kbars which yields a
density of ~ 0.003 gm/cm® for the first blow-off.

Differences in this experiment from the pre-shot test (which
showed no such effect) are chiefly just two: (1) thinner pipe wall
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Figure 19.

Frame 20 at a time of 299
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and (2) higher ambient density of sand between HE and pipe. (This
latter effect manifested itself in another way--following the main
shot the area was littered with chunks of a welded Overton sandstone
» formed by the shock traversing the sand. One further difference was
the fact that there were two joints in the pipe under the HE for the
main test and none for the pre-shot tests. The low density blow-off
material may relate to the joint filler. The lobes observed in the
collapse region in the pre-test trials were not observed in the main

e

event because the Tow density blow-off obscured any observation of
the main collapse.

e

The dominant pressure is reached about 200 yus after first

motion, implying the majority of the mass is moving at ~ 1.3 x 105
cm/sec, close to the predicted value. While the optical data only
related to the lTow density blow-off, our experience in the pre-shot
test and analysis of the pressure-time histories for the gauges at

the bottom of the pipe allowed us to infer the closure configuration.

4.2 PIPE COLLAPSE OUTSIDE RAPID CLOSURE REGION

ST TS DRy

As indicated earlier, the film in the Fastax camera broke

early before the camera reached full speed and there was no record. '3

4.3 AIR PRESSURE VERSUS TIME AT THE BOTTOM OF THE TRENCH §'

Three bar gauges were inserted along the centerline of the
trench to measure air pressure. Since the pipe roof broke up in
closing there was no clearly defined compression of the air in the |
trench below the HE charge. Instead, the bar gauges measured the :
stagnation of the blow-off material as it impacted the bottom of the '
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pipe. Figures 20 through 22 show traces (oscilioscope and tape
recorder) for the three gauges below the charge, and the readings
are summarized in Table 3. It will be noted that the three gauge
records are in very good agreement. Figure 20(a) shows the first
impact in the low-pressure range, and Figure 20(b) relates these
low-pressure results to the main impact occurring later. This
impact, yielding a pressure of ~ 24 kbar on stagnation, is in good
agreement with the calculated stagnation which was at ~ 20-30 kbars,
but at a somewhat later time (~ 470-480 us with this fiducial).

The first pressure pulse on all three gauges occurs at about
320 us. Referring to fFigure 18, we would expect a signal starting
about 300 us, if the collapse we are viewing is occurring directly
over the bar gauges. The observed closure may be material from the
pipe joints that is ahead of the other material and not directly
over the bar gauges.

Marked on Figure 20(a) is a plateau following the third impact
which might be the measurement of the air in the pipe compressed by
the ceiling collapse. It is at a level of ~ 0.6 kbar, while the
calculation had suggested ~ 1 kbar. The different mode of collapse
could certainiy account for this difference. If this speculation is
true, it would indicate that although the pipe wall digd fractionate,
the general features of the collapse could be treated as though the
wall retained its integrity as in the pre-shot test.

4.4 AIR PRESSURE VERSUS TIME IN LOBE REGION OF COLLAPSE

Two bar gauges were placed at an angle of 20 degrees to the

vertical under the center of the pipe covered by the HE (see Figure
14). Similar'v to the 3 gauges along the vertical, there were four
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217 us

Figure 21.
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Gauge Qb-3.

Sweep 19.6 us/cm

1.12 kbar/cm

Sweep 100 us/cm
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(Bar delay 133
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Sweep 19.8 us/cm

1.05 kbar/cm

217 us

Sweep 100 us/cm
10.5 kbar/cm

(Bar delay 133 us)

Figure 22. Gauge Qb-4.
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TABLE 3
AIR PRESSURE AT THE TRENCH BOTTOM

Gauge Pl(kbar) tl(us) P2 t2 P3 t3 P4 t4
Qb-2 0.35 322 1.15 332 1.32 350 25.3 410
Qb-3 0.34 323 1.12 333 1.68 348 25.0 440
Qb-4 0.42 320 1.42 330 1.73 346 22.3 420
Notes:

1. Collapse began at 248 us.

2. Initial pipe inside diameter = 26.5 cm.

3. Pressures accurate to + 10 percent.
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(or five) separate pulses visible (seen in Figures 23 and 24) and
these are noted in Table 4. The maximum value is markedly less than
for those gauges at the pipe bottom. It was anticipated that the
lobe air pressure would be less than that on the pipe bottom due to
the geometry of the collapse.

Again, a shelf or plateau is in evidence following the third
impact in the lobe region. The pressure is ~ 0.1 - 0.5 kbars, again
relatively close to the predicted values in this region. This leads J
further credence to the earlier speculation regarding the collapse.
To repeat, this experiment gave some initial low-density blow-off
which was sufficient to obscure the light from the argon candle.
Underlying this obscuring material it is suggested the collapse is
proceeding at a slower velocity more akin to the pre-shot test with
its clear boundary between air and pipe wail.

4.5 IMPACT PRESSURE VERSUS TIME AT THE BOTTOM OF THE TRENCH

Two manganin gauges were employeda at the bottom of the pipe
and the traces are displayed in Figure 25. Gauge M-1 (Figure 25(a))
yields a possible signal with arrival at ~ 410 ps, which is
consistent with the beginnings of the main shock arrivals of the bar
gauges, as indicated in Figures 20 - 22. The gauge fails at ~ 420
us. The peak stress at failure is about 12 kbar. Gauge M-2 in

Figure 25(b) also apparently started to record a pressure rise at
about 400 us and failed at 410 yus.




Sweep 19.8 us/cm

0.103 kbar/cm

Sweep 100 us/cm

(+44 vus)

3.09 kbar/cm

(Bar delay 120 us)

Figure 23. Gauge Qb-1l.
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Sweep 20.0 us/cm

0.111 kbar/cm

Sweep 100 us/cm
(+44 us)
3.33 kbar/cm

(Bar delay 120 iusec)

Figure 24. Gauge Qb-5.
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TABLE 4
AIR PRESSURE IN LOBE REGION OF COLLAPSE

Gauge Pl(kbar) tl(us) P2 EZ_ P3 t3 P4 t4
Qb-1 0.054 334 0.185 345 0.288 361 (5.87) (469)
Qb-2  (0.089) 336 (0.289) 346 (0.400) 364 5.33 439
Note: Pressures accurate to ~ * 10 percent. Figures in parenthesis

are more uncertain due to noise in signal (Qb-5) or anomalous
trace (Qb-1) —- see Figures 23 and 24.




M-1
2 volt/cm
Sweep 20 us/cm
Main arrived at 410 us
Fail at 420 us
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M=-2
2 volt/cm
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Main arrived at 400 _Us
Fail at 410 us
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Figure 23. Manganin gauges M-1 and M-2.
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4.6 FREE-FIELD PRESSURE VERSUS TIME AND DEPTH IN THE SOIL UNDER
THE HE CHARGE

Five manganin gauges were placed at 10-cm intervals from the
surface down to a depth of 40 cm under the HE charge away from the
pipe. The goal was to document the pressure pulse which traveled
through the soil to enable a determination of the incident
pressureat the top of the pipe to be made. The experimental traces
are shown in Figures 26 through 29 and readings are listed in Table
5. There are several anomalies in these results which are not
understood, but will be described. ;

Figures 26(a) shows a 3 us spike followed by a lower amplitude
3 us oscillation for gauge M-3., The amplitude of the first spike
corresponds to a pressure of 135 kbar, beginning at 242 us. The
gauge appears to fail 9 ys later. The spike may ropresent mainly

the shock reverberation in the steel flat pack, if so, a meaningful
pressure in the sand was not recorded. A small signal is also seen
at 229 us, but we do not know if it has any significance.

Figure 26(b) shows the record for gauge M-4, which was 10 cm
below M3 and slightly below the top of the pipe. A spike of 55
kbar, probably corresponding to the reverberation in steel, is
recorded, followed by a peak of 27 kbar and a decay toward the
baseline. The negative portion of the trace indicates partial
shorting or loss of insulation integrity. The remainder of the
record has no pressure significance. The design goal was to hit
this depth with a pressure of ~ 65 kbar and our pressure data
suggest that we may have reached less than half this value.
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M-3
10 volts/cm
Sweep 10 us/cm
Peak 135 kbar

3 us spike at 242 us

Small signal at 229 ps

M-4
5 volts/cm
Sweep 10 us/cm
Peak 55 kbar

290 us

tigure 26. Manganin gauges M-3 and M-4.
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Figure 28.

M-5
Sweep 19.8
2.0 volt/cm
Delay = 290

anganin gauge M-5.

M-6
Sweep 19.9
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Manganin gauge M-6.
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Figure 29. Manganin gauge M-7.
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TABLE 5
MANGANIN GAUGE DATA FREE FIELD

Arrival Time Shock Velocity* Pressure

(us) (mm/ys) _(kbar)
242 2.2 (135)

288 1.8 (55)
344 1.2 (19)
426 1.1 9.8
520 4.2

* Average between adjacent gauges.

() Amplitude of spike influencead by steel gauge package.




Figure 27 shows the sharp pressure spike recorded by gauge
M-5. The pressure arrival is at 344 ys. The waveforms appear too
short to be valid, except possibly for the 19 kbar peak. The
earlier feature at 326 us is electrical in nature and is seen at the
same time in the record for gauge M-6 (Figure 28). The waveform for
M-6 looks normal except for the oscillations in the decay. These
have a period of 4 us and probably reflect the steel packaging.

Figure 29 shows the pressure data for gauge M-7. The peak is
probably valid, but the constant level after the peak suggests gauge
element stretching.

A major inconsistency in the manganin gauge data is timing.
Gauge M-3 is hit only 6 us before the camera shows the pipe collapse
began. Gauge M-4 shows pressure arrival 40 us after the pipe starts
to move, whereas these two events should occur at nearly the same
time. We have not resolved this time discrepancy.

The relative times between arrivals at the various manganin
gauges, however, yield shock velocities that vary smoothly between
2.2 mn/us for the first two gauges to 1.1 mm/us for the last two.
Figure 30 shows time of arrival versus depth. Noted on Figure 30 is
the shock arrival at the inside-top of the pipe (9.6 cm from the
surface) as shown by the optical data. The first manganin gauge at
the surface is only reporting a signal at about the time the main
shock is 9.6 cm deep. A timing error of some sort is suggested, but

we have been unable to locate it.
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Figure 30. Time of arrival versus depth
for manganin gauges.




4.7 AIR PRESSURE VERSUS TIME IN PIPE OUTSIDE RAPID CLOSURE REGION

Four low pressure quartz gauges were placed at 150, 250, 350
and 450 cm down-pipe from the center of the charge. (There were
also TOA gauges at these points.) An additional two pressure gauges
were placed 150 and 250 cm up-pipe from the charge (toward the argon
candle). Data return from these gauges was poor. Figure 31 shows
the trace for gauge Qp-1 at a distance of 150 cm from the center of
collapse. What is interpreted as shock arrival is indicated on the
trace. The pressure level appears to be about 34 bars, as measured
from the negative excursion. This interpretation is considered
doubtful because the pressure inferred from the TOA gauges is about
10 bars. This will be examined further in the section detailing the
TOA data.

Figure 32 shows the trace for gauge Qp-2 at a distance of 250
cm. Again, what we interpret as shock arrival is indicated. (On
both these gauges it is not clear we could have picked out the
signal without knowing the TOA from the pin gauges.)

Figure 33 shows gauge Qp-3 (350 cm) which has no useful
signals. Qp-3 appears to be responding between 4 and 5 ms, but the
interpretation is debatable. No record was obtained from Qp-4 (450
cm).

Figure 34 details gauges Qp-5 (150 cm up-pipe) and Qp-6 (250
cm up-pipe). Figure 34(b) is the only quartz gauge showing what
might be a clear unambiguous pressure signal. The time of arrival
and signal level are indicated on this figure. As will be shown in
a later section, this pressure is generally consistent with shock
velocity information,




Sweep: 200 ps/cm
56 bar/cm

Lshock arrival (?)
1,17 ms

Figure 31. Quartz pressure gauge Qp-1l.
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Sweep: 1 ms/cm
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Shock arrival (
2.38 ms

Figure 32. Quartz pressure gauge Qp-2.
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Qp-3
Sweep 1 ms/cm
.022 kbar/cm

No useful signal

Figure 33. Quartz pressure gauge Qp-3.




__4 (a) Qp-5

No detectable signal

-] ;__(b) Qp-6

Shock arrival
2.67 ms

Figure 34. Quartz pressure gauges Qp-5 and Qp-6.
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4.8 TIME OF ARRIVAL OF PRESSURE WAVE IN PIPE QUTSIDE RAPID CLOSWRE
REGION

Three of the four PZT pin probes gave useful data which,
combined with the time of closure of the pipe, seem consistent.
Table 6 lists the TOA results with comments., The gauge traces are
shown in Figures 35 and 36.

Figure 37(a) is a plot of the TOA data. The quartz gauge data
is also shown showing its seeming consistency. The point at 60 cm
represents the main shock arrival at the bar gauges. The shock
velocity is seen to be asymptotic to the sound velocity as
required. Figure 37(b) is a schematic of the pipe showing the
collapsed region.

Even though only marginal pressure data was obtainea, this TOA
information allows the pressure to be inferred from the measured
shock velocities. Using an appropriate equation-of-state for air
(see Figure 38), shock pressures are obtained directly from the
shock velocities. These results are presented in Figure 39 as the
large dots (triangles are the possible data from the pressure
gauges). For reference a curve with P 1/R (normalized to the
pressure at 200 cm since the TOA gauges surrounding this point gave
sharp results) has been drawn in.

The air-shock pressures are quite low. At 10 pipe diameters
(noted in the figure) from the center of the HE the overpressure is
~ 483 KPa (70 psi). By the time the shock reaches the last TOA
gauge, the shock is moving sonically at overpressures < 69 KPa
(10 psi). This TOA data would seem to imply that rapid ceiling
collapse is not an effective means of coupling energy down the




TABLE 6
TIME OF ARRIVAL VERSUS RANGE

Location Range TOA
Edge of rapid collapse 60 cm 0.44 ms §
(from bar gauges)
Probe 1 150 cm 1.33 msl
Probe 2 250 cm 2.51 msl
Probe 3 350 cm Unresolvable noise
Probe 4 450 cm 6.5 ms?
Notes: 1. C(Clean, sharp signal - no ambiguity
2 Great deal of noise on this probe, but there is a rise
at the time indicated which may be consistent with the
other times measured.
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(b) TOA-2

1.33 ms

-~ 508 us

Figure 35.

Sweep 202 us/cm

508 ps/cm

TOA gauges 1 and 2.
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No detectable signal

(b) TOA-4

—=!  |=—1.01 ms

Figure 36. TOA gauges 3 and 4.
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pipe. Even if one only accepts TOA from gauges 1 and 2, and then
takes a 1/R fall-off, the overpressure at pipe's end (15 D pipe) is
~ 276 KPa (40 psi).

The quartz pressure gauge data is also shown in this figure.
The first point at 150 cm is significantly higher than that obtained
from shock velocity information. The points at 250 cm are more
consistent with the TOA-inferred pressures. Based on the otherwise
consistent information, it appears that the first pressure gauge,
with its unusual trace, probably is not valid. The unaershoot
preceding the main pulse visible on the second gauge is undoubtedly
present on the first gauge, resulting in a false baseline and thus a

higher reading for the pressure. A1l the quartz-pressure data seem
marginal at best (except, perhaps for gauge Qp-6) and the fact that
air is easily characterized with an equation-of-state yielding shock
pressure as a function of shock velocity gives more weight to the
TOA-inferred pressures.
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SECTION 5.

SUMMARY AND CONCLUSIONS

In an attempt to address the question of energy coupled into
an MX-trench from a strong ground-shock induced trench collapse,
S3 designed and executed a 1/16-scale trench experiment where the
collapse was driven by a suitably chosen HE charge. Design
calculations indicated the configquration necessary to simulate the
effect of a 1 megaton surface burst 12.5 meters from an MX-trench.
The nuclear conditions were obtained from an extensive,
tgo-dimensiona], radiation-hydrodynamics calculation performed by
S

done on the experimental configuration to attempt to define and

called Source 3/5. A further two-dimensional calculation was

predict the mode and strength of collapse.

Two pre-shot experiments were initated to assure good
performance of the main diagnostic on the experiment; namely,
optical, framing-camera photos to observe the collapse mode. The
main experiment test-bed contained numerous other diagnostics as
well, incluging bar gauges to measure pressure at the bottom of the
pipe under the HE charge and TOA gauges along the uncollapsed
section of pipe to define the shock driven into the pipe air by the
rapid collapse, which was the main motivation for the experiment.

The two-dimensional calculation suggested tha the collapse
would leave lobes of air off-axis, implying that the effectiveness
in driving a shock down the pipe might be low. The pre-shot tests
seemed to confirm this mode of collapse, but since they had no
down-pipe diagnostics, the question of effectiveness remainea open.
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The main experiment gave some initial surprises regarding

collapse mode, but a cross-correlation of the various diagnostics
that yielded believable results seemed to confirm the implications
of the calculations. The framing camera photos appeared to indgicate
more rapid collapse than expected, but on examining the bar gauge
data, the optically obscuring material was very low-density dust.
The main mass of the pipe wall seemed to be moving at about the
predicted velocity (and that observed in the pre-shot tests). The
appearance of this dust may have been due to either a thinner pipe
wall in the main experiment or to the presence of filled joints in
the pipe sections under the HE charge. The bar gauge data was in
good agreement with that expected from the calculation. Manganin
gauges at the bottom of the pipe and in the soil beside the pipe
below the HE gave ambiguous results.

The low-pressure quartz gauges gave generally little or no
information, but what there was may be consistent with that inferred

from the TOA gauges. The data from these time-of-arrival measure-

ments appear reliable. Determining a shock pressure from the shock
velocity gives a consistent set of pressure values down the pipe and
the potentially acceptable direct pressure measurements are
generally in agreement with these values. At a distance of 10 pipe
diameters, the trench air shock is ~ 483 KPa (70 psi) overpressure,
quite Tow relative to the aesign parameters for the trench.

The results of the manganin gauges in the free-field pressure
measurements should not be allowed to obscure conclusions which may
be drawn from this experiment. Even if the trench was impactea with
the lower shock pressure of ~ 3.5 GPa (35 kbars) rather than the
design goal of 9 GPa (90 kbars), the mode of collapse seems to be
verified. That is, lobes of air are left at the sides of the




collapse, so the mass of air directly under the rapid collapse

} region is not compressed uniformly at the same time. This collapse

geometry is not conducive to driving as strong a shock down-pipe as

a more nearly planar roof collapse would. It should be emphasized

that the manganin gauge data have anomalies which call into aoubt

the reliability of any of their results. (In addition, the inferred

velocity of trench collapse appears to agree with predictions based

on a 9 GPa impact.) |

To answer the motivating question, it appears that strong
ground shock-induced trench collapse is not an efficient method for
coupling energy down the trench and does not pose a stressing design
environment,
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